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Abstract 
   Recrystallization behaviors of water sorbed into four poly(meth)acrylates; poly(2-methoxyethyl acrylate) (PMEA), 
poly(tetrahydrofurfuryl acrylate) (PTHFA), poly(methyl acrylate) (PMA), and poly(methyl methacrylate) (PMMA), are 
investigated by variable-temperature mid-infrared (VT-MIR) spectroscopy and molecular dynamics (MD) simulation. 
VT-MIR spectra demonstrate that recrystallization temperatures of water sorbed into the polymers are positively correlated 
with their glass transition temperatures reported previously. The present MD simulation shows that a lower limit 
temperature of the diffusion for the sorbed water and the glass transition temperatures of the polymers also have a positive 
correlation, indicating that the recrystallization is controlled by diffusion mechanism rather than reorientation mechanism. 
Detailed molecular processes not only of recrystallization during rewarming but also of crystallization during cooling and 
hydrogen-bonding states of water in the polymers are systematically analyzed and discussed.  
 
 
1. Introduction 
   Recrystallization of water, which is a crystallization during rewarming at a temperature sufficiently lower than the 
melting point of water Tm (=273.15 K), is typically observed in various aqueous systems, and is of fundamental importance 
for understanding of watermaterial interaction.1 Recrystallization of pure water is known to take place at the temperature 
of ~150 K2,3 due to devitrification of amorphous ice (also called as glassy water or vitrified water). The recrystallization 
phenomenon in waterpolymer binary systems has also been examined in a wide range of water concentration. In particular, 
a measurement of the onset temperature of crystallization during rewarming (recrystallization temperature, hereafter 
referred to as 𝑇rc), for a water-containing polymer at low water content provides a key information about the interaction of 
water contacting with the polymer. Molecular mechanism of recrystallization remains to be resolved in detail, though it is 
known that 𝑇rc depends on chemical structures of polymer, water content, and cooling rate before rewarming. In this study, 
we examine behavior of water sorbed into four solid polymers such as poly(2-methoxyethyl acrylate) (PMEA), 
poly(tetrahydrofurfuryl acrylate) (PTHFA), poly(methyl acrylate) (PMA), and poly(methyl methacrylate) (PMMA), by 
variable-temperature mid-infrared (VT-MIR) spectroscopy and molecular dynamics (MD) simulation, and discuss 
recrystallization mechanism in detail.  
   (Re)Crystallization of water in the polymerwater binary systems has been widely observed by differential scanning 
calorimetry (DSC).4–11 DSC probes a heat flux from a sample with temperature perturbation and has been most frequently 
used because of its relatively simple operation and easy interpretation of given data. (Re)Crystallization of water is detected 
as an exothermic peak in a DSC curve and in addition a glass transition temperature, 𝑇g
DSC, is also detected as a baseline 
shift. The previous DSC study reported that water-containing PMEA10 and PTHFA11 systems, which are non-water-soluble 
polymers, show a clear exothermic peak at 223 K and 248 K during rewarming after cooling to 173 K, respectively, 
indicating the recrystallization in each polymer matrix. There are two possible scenarios to account for this observation: one 
is due to transition (reorientation) of condensed water formed in a polymer from a glass to a crystal (reorientation 
mechanism10,11), and the other is due to transition (deposition) from a monomolecular water trapped on a polymer chain to a 
crystal after diffusion (diffusion mechanism12–14). These two mechanisms are indistinguishable in the DSC experiment 
because only a net heat flux accompanying the state transitions of water is observed, and detailed molecular processes are 
missing in the observed exothermic peak.     
   Variable temperature mid-infrared (VT-MIR) spectroscopy is a powerful measure to know molecular environment 
confined in a polymer matrix, and has been developed by our group to demonstrate recrystallization of water sorbed into 
some non-water-soluble polymers such as PMEA,12 PMA,14 poly(ethoxyethyl acrylate) (PEEA),14 poly(ethoxyethyl 
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methacrylate) (PEEMA),14 and polystyrene (PS).15 The previous VT-MIR measurements suggested that the recrystallized 
water in the above-mentioned six polymers was formed not due to the reorientation mechanism but due to the diffusion 
mechanism because an intense vibrational spectroscopic response at about 3250 cm1, a signature of the formation of ice, 
was observed with decreasing the monomolecular water during rewarming process. However, the vibrational spectroscopy 
is an indirect measure of molecular motion, and further research is needed to understand the time-dependent process hidden 
behind the recrystallization in molecular details. 
Molecular dynamics (MD) computer simulation technique is a promising way to discuss static and dynamic structures in 
molecular resolution and time-dependent processes such as diffusion. The recent MD studies containing aqueous polymer 
systems have mainly shed light on the interaction between water and polymer at a flat interface16. The results deduced from 
MD simulation, however, are sometimes dependent on simulation conditions such as force field employed, system size, 
initial and boundary conditions. Furthermore, a time scale accessible by MD simulation is usually limited within nano- or 
micro-second order for a polymer systems. Thus a close collaboration with experimental study is a key step to reach a 
definite answer to the above-mentioned question about which mechanism is valid in the recrystallization process.  
   In this paper, we systematically discuss molecular mechanism of recrystallization process in the four polymers by 
performing a collaborative study of VT-MIR spectroscopy and MD simulation. In the present VT-MIR experiment, OH 
stretching vibration of water sorbed into the polymer matrices are measured as a function of temperature, and characteristic 
features of the MIR response during recrystallization are clarified. A correlation relation of 𝑇rc and 𝑇g
DSC is found in the 
experiment. On the other hand, in the present MD simulation, glass transition temperature of the polymers, 𝑇g
MD, and 
transition temperature of water diffusion in the polymers, 𝑇D
MD, are examined by calculating specific volume of MD system 
and diffusion coefficient of the sorbed water as a function of temperature. Another correlation relation of 𝑇D
MD and 𝑇g
MD is 
found in the simulation. From these analyses, we elucidate the recrystallization process for the present water-containing 
polymers is controlled by the diffusion mechanism rather than the reorientation mechanism. We focus not only on 
recrystallization process during rewarming but also on crystallization process during cooling to discuss detailed transition 
processes of water sorbed in the polymers. Hydrogen bonding (H-bonding) states of water interacting with functional 
groups in the polymers are analyzed as a function of temperature to unveil time-dependent molecular processes during the 
recrystallization by MD simulation.    
 
2. Experiments and simulations   
   2.1. Materials.   PMEA, PTHFA, and PMA were prepared by a conventional free radical polymerization of 
corresponding monomer. Their weight-averaged molecular weights (Mw) and polydispersity indices (Mw/Mn) were 
determined to be 8.6104 and 1.7, 5.8104 and 2.1, and 7.7104 and 1.9, respectively, by gel permeation chromatography. 
PMMA with Mw of 9.010
5 and Mw/Mn of 1.4 was purchased from Wako Pure Chemicals, Osaka, Japan. The chemical 
structures of the four polymers are illustrated in Figure 1. The quality of water used in all experiments was Milli-Q grade 
(resistivity >18 M·cm).    
   2.2. Mid-infrared Spectroscopy   MIR spectra of the hydrated and dried polymers were recorded on a Spectrum One 
NTS (Perkin-Elmer) with a resolution of 4 cm1 and a scanning time of 20 s. Cooling rates were 0.5, 1.0, and 4.8 K·min1 
and heating rate was 0.5 K·min1. Sample temperature (T) was controlled by an Optistat-DN cryostat (Oxford) connected to 
a model ITC601 T controller. The MIR spectra of water sorbed into polymers were obtained by subtraction between the 
hydrated and dried samples. PMEA, PTHFA, and PMA of 10 mg were mounted on a sapphire substrate with 13 mm 
diameter. The polymer was soaked in water for several minutes at room T and then was removed from water and wiped with 
filter paper to remove excess water on their surfaces. Water in the polymer was slowly evaporated at ambient conditions 
while monitoring the weight of hydrated polymer by a CAP2P microbalance (Sartorius) until the sample weight approached 
water content (WC) expected. PMMA, which was prepared as a film on the substrate by a solvent-cast method, was hydrated 
by exposing them to humid air with 88% relative humidity (RH) at 310 K for 10 days. The WC value of hydrated PMMA in 
weight percent was determined by the Karl Fischer (KF) method. The WC values for PMEA, PTHFA, PMA, and PMMA 
were 8.6, 4.8, 4.8, and 5.5 wt%, respectively. The sample was set in a homemade sample-holder for the MIR measurement 
and then tightly sealed with indium.     
   2.3. Molecular Dynamics Simulation   Molecular models employed in the present MD simulation to generate 
trajectories were the TIP4P2005 model17 for water and the general AMBER force field (GAFF)18 for the four polymers. The 
atomic partial charges for polymer molecules were generated in each monomer configuration using the restrained 
electrostatic potential (RESP) approach19 based on the electrostatic potential obtained at the B3LYP/6-31G (d) level using 
Gaussian0920. Eight chains of 77 units each were initially contained in a cubic unit cell with water molecules. The number 
of water molecules was set to 414 for PMEA (8.5 wt%), 148 for PMA (4.8 wt%), 281 for PTHFA (5.0 wt%) and 197 for 
PMMA (5.5 wt%) systems, to be consistent with the experimental conditions. The PACKMOL package21 was employed to 
prepare initial configurations with random positions and orientations. To enhance statistical sampling, five independent MD 
trajectories starting from different initial configuration were prepared in parallel computations.  
   To remove inhomogeneous structures of the polymer systems in the initial configurations, some annealing procedures 
were carried out prior to statistical sampling for production. As the first annealing step, NPT ensemble simulation (constant 
number of molecules N, pressure P = 1 atm and temperature T = 600 K) was conducted during 5 ns, and the system was 
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cooled down at the rate of 1.2×1012 K·min1 in a step by step manner. In these steps, the system was cooled to 100 K by 
steps of 50 K with 2.5 ns equilibration at each step in the NPT ensemble, and the specific volume was evaluated at the end 
of each equilibration to estimate 𝑇g
MD (see Sec. 3.2.1). After that, the final annealing step was conducted in the NPT 
ensemble during 1 ns at each target temperature, which was set in the range from 100 K to 300 K for PMEA system, from 
100 K to 400 K for PMA and PTHFA systems, and from 100 K to 500 K for PMMA system in each 20 K interval. Here we 
define the time after the final annealing procedure as 𝑡 = 0 ns, and monitor time-development of the MD system for 
several tens of nano second in NVT ensemble because the MD systems may be still in a non-equilibrium state at 𝑡 = 0 ns. 
In Figure S1 of Supporting Information (SI), we show the result of H-bond states of water in the polymers (see Sec. 3.2.4.) 
averaged during (i) 𝑡 = 0 − 1 ns, (ii) 𝑡 = 10 − 11 ns, and (iii) 𝑡 = 20 − 21 ns, and confirmed that the result between (ii) 
and (iii) remain almost unchanged in comparison with those between (i) and (ii). Thus we mainly focus on the results 
averaged during (iii) in the present study. Here we notice that longer simulation may reach an equilibrium structure different 
from that in (iii). However, the results averaged during (iii) may be enough to find a relation between 𝑇g
MD and 𝑇D
MD, and 
to observe a qualitative H-bonding states in the polymer systems.  
 In the above procedures, T and P were controlled by Nose-Hoover thermostat22,23 and Parrinello-Rahman barostat,24 
respectively, with the time step of 1.0 fs. The intramolecular stretching vibrations of H atoms were constrained with the 
Lincs algorithm.25 Long-range electrostatic interactions were corrected with the particle-mesh Ewald method,26,27 and the 
cutoff length of the Lennard-Jones and the real space part of the Ewald sum were taken to be 1.2 nm. The GROMACS 
package (version 5.1)28 was employed in the present MD simulation.      
 
3. Results and Discussion    
3.1. Infrared spectra  
   3.1.1. At 298 K  MIR spectra of water sorbed into the four polymers and that of pure water at 298 K are given in 
Figure 2. Pure water has at least three components in its spectrum: two shoulders at ~3650 and ~3240 cm1 and a peak at 
~3400 cm1. The four spectra of the sorbed water have at least four components at ~3600, ~3530, ~3430, and ~3270 cm1. 
The quite difference of the spectra between pure water and sorbed water indicates that most of the sorbed water interacts not 
only with water but also with the functional groups (O atoms). The previous studies of WC-dependences of the spectrum of 
water sorbed into PMEA29,30 and polyethyleneglycol31,32 demonstrated that the relative absorbance of the two lower 
frequency components increases with WC. This suggests that the two lower and the two higher frequency components come 
from the OH groups H-bonded to the O atom(s) of water molecule and of the polymers, respectively. The absorbance of 
the highest frequency component (~3600 cm1) may indicate the amount of water molecules H-bonded to the O atoms in the 
polymers, and its absorbance is expressed hereafter as “AHYD”.  
 
   3.1.2. Temperature-dependence The spectra of the sorbed water in the temperature range of 298170 K are given in 
the left two panels of Figure 3AD, and those of pure water are given in Figure 3E. In the case of pure water, the spectra 
with a broad feature centered at 3400 cm1, which is the characteristic peak for liquid water, suddenly change to the line 
shape with the sharp intense peak centered at ~3250 cm1, which is the characteristic peak for ice Ih , at the temperature of 
251 K during cooling. On the other hand, the ice spectra return to the liquid one at 273 K during rewarming. The 
temperature-dependence of absorbance at 3250 cm1 (A3250) is shown in the right panel of Figure 3. The value of A3250 
jumps up and down at 251 K during cooling and at 273 K during rewarming, respectively. In the case of water sorbed in the 
polymers, the temperature-dependence of the spectra is classified into the following three cases.     
   Case I (PMEA and PTHFA).   Figures 3A and 3B show MIR response for the water-containing PMEA and PTHFA 
polymer systems, respectively. One can see that the ice peak at ~3250 cm1 appears during cooling, and further grows 
during rewarming, and disappears during subsequent rewarming. The former two enhancements are attributed to 
crystallization and recrystallization of the sorbed water, respectively, and the latter disappearance shows decrease of ice 
(sublimation). 𝑇rc’s, in this case, are 215 K for PMEA and 222 K for PTHFA systems. The three transitions are invariably 
accompanied with the synchronous changes of A3250 and AHYD, suggesting that the water molecules binding to the O atoms 
in the polymers participate in the three transitions.     
   One can also see from the right panels of Figures 3A and 3B that the amount of crystallization during cooling strongly 
depends on the cooling rate: the A3250 value gradually increases from 227 K to 208 K for PMEA and from 242 K to 217 K 
for PTHFA at the cooling rate of 0.5 K·min1, whereas no crystallization is observed at 4.8 K·min1. This gradual increase of 
A3250 during cooling is remarkably different from the sudden increase in the case of pure water (Figure 3E). This difference 
demonstrates that the crystallization of pure water takes place via reorientation of liquid water molecules, while 
crystallization of the sorbed water is caused by deposition of water after diffusion of monomolecular water sorbed into the 
polymer matrix. One can also see that the recrystallization occurs in the wide temperature range of 215235 K for PMEA 
and of 222250 K for PTHFA, suggesting the recrystallization originates from the diffusion mechanism of water molecules 
trapped on the polymer chains rather than the reorientation mechanism.   
   Case II (PMA).   In PMA system, crystallization of the sorbed water at 255 K with the additional second jump-up at 
234 K during cooling and recrystallization at 225 K are observed. The difference spectrum of MIR spectra at the 
temperatures 240 K and 260 K (see Figure S2 in SI) shows the gradual increase of A3250 in the temperature range of 
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255234 K is due to crystallization of the sorbed water. The jump-up at 234 K can be explained by the crystallization of 
liquid water, which is formed by water monomer, because the homogeneous nucleation temperature of pure water is 
reported to be 236 K.33–36  
   Case III (PMMA).   In both cooling and rewarming processes, the characteristic peak of ice Ih in the spectra is almost 
missing in the whole temperature range, and any steep changes in A3250 and AHYD are hardly observed. These results suggest 
that the transitions for the sorbed water rarely take place. This may be due to the fact that the transition of water diffusion 
for PMMA, which is a trigger of the crystallization/recrystallization as discussed below, occurs at the temperature higher 
than the melting point of water, 273.15 K, indicating the ice formation is not possible for the PMMA system.        
 
   3.1.3. Correlation of 𝑻𝐫𝐜 and 𝑻𝐠
𝐃𝐒𝐂  In Figure 4, the recrystallization temperature measured by the MIR spectroscopy, 
𝑇rc, versus the glass transition temperature of the polymers reported previously,
10,11,37,38 𝑇g
DSC, are plotted except for PMMA 
system. Note that 𝑇rc for PMMA was hardly visible in Figure 3D. A positive correlation between these temperatures is 
clearly seen. The result also shows 𝑇g
DSC is always larger than 𝑇rc. The difference of 𝑇g
DSC and 𝑇rc may be caused by the 
fact that 𝑇rc is a measure of the transition for water interacting with polymer, while 𝑇g
DSC is the transition of mobility of 
polymer itself. The relation of 𝑇g
DSC >  𝑇rc  suggests that the recrystallization phenomenon, which occurs in 
diffusion-controlled process, is a precursor of the glass transition of polymer. This finding is also supported by the present 
MD simulation, in which the glass transition temperature is always larger than the lower limit temperature of the diffusion 
of water in the polymers matrices, 𝑇g
MD >  𝑇D
MD, as discussed in Sec. 3.2.3.    
   In addition to the recrystallization temperature, the ending temperatures of crystallization during cooling, referred to as 
crystallization temperatures (208 K for PMEA, 217 K for PTHFA, 222 K for PMA in Figure 3), are plotted against 𝑇g
DSC in 
Figure 4. Not only 𝑇rc’s but also the ending temperatures of crystallization are positively correlated with 𝑇g
DSC, and hence 
the ending temperatures of crystallization and the onset temperature of recrystallization are positively correlated and similar 
to each other. These temperatures are also close to the transition temperature of water diffusion, 𝑇D
MD, as discussed in 
Sec.3.2.2, suggesting that the crystallization of water in the present polymer systems is also driven by the diffusion 
mechanism rather than the reorientation mechanism. The diffusion mechanism of the crystallization is also supported by the 
result of MIR spectra (see the right panel of Figure 3), where the increase of A3250 and the decrease of AHYD are taken place 
simultaneously, indicating the water molecules interacting with polymer are detached (i.e., the decrease of AHYD), and then 
condense and crystallize (i.e., the increase of A3250) after diffusing in the polymer matrix. If the reorientation mechanism 
was valid, the decrease of AHYD would not be observed when A3250 increases.  
 
3.2. Molecular dynamics simulation 
   3.2.1. Calculation of 𝑻𝐠
𝐌𝐃   In a NPT ensemble MD simulation, cell box size is automatically adjusted in a given 
temperature and pressure. Thus we can obtain specific volume of the present polymer systems, 𝑉SP
MD,  as a function of 
temperature at 𝑃 = 1 atm. In Figure 5, 𝑉SP
MD’s are plotted against the system temperature. One can see 𝑉SP
MD’s increases 
with increasing the temperature due to thermal expansion. In all cases, a transition of the gradient for 𝑉SP
MDtemperature plot 
can be seen at a temperature characteristic to each polymer system. This indicates that the thermal expansion coefficient 
abruptly changes at this temperature, which is widely accepted as a glass transition temperature in MD system39–41, 𝑇g
MD∗. 
The calculated 𝑇g
MD∗’s are 337 K for PMEA, 370 K for PTHFA, 375 K for PMA, and 423 K for PMMA, which tend to be 
much higher than the experimental 𝑇g
DSC’s: 223 K for PMEA10, 260 K for PTHFA11, 291 K for PMA38, and 381 K for 
PMMA37. This is because 𝑇g usually depends on the cooling rate 𝑞g, and 𝑞g in an annealing procedure for MD system is 
much larger than that of the experimental conditions. To compare a glass transition temperature obtained in MD simulation 
with that in experiment, a correction of 𝑇g
MD∗ should be considered in the following way. The MD study by Soldera and 
Metatla showed that 𝑇g
MD∗’s for PMA and PMMA are ~100 K higher than the experimental values,42–44 which is 
rationalized by the Williams-Landel-Ferry equation written as43,45 
 
Δ𝑇g =
−𝐵 log10
𝑞g,2
𝑞g,1
𝐴 + log10
𝑞g,2
𝑞g,1
 (1) 
where Δ𝑇g = 𝑇g,1 − 𝑇g,2 is the difference of the glass transition temperatures between 𝑇g,1 at the cooling rate 𝑞g,1 and 
𝑇g,2 at the cooling rate 𝑞g,2. 𝐴 and 𝐵 are the fitting parameters. In Ref. 43, 𝑇g,𝑛 and 𝑞g,𝑛 in MD simulation (𝑛 = 1) 
and in experiment (𝑛 = 2) were employed, and 𝐴=16.7 and 𝐵=48 K were obtained as average values for some polymer 
systems. Substituting the cooling rate in the present MD simulation 𝑞g,1 =1.2×10
12 K·min1 and in experiment 𝑞g,2 = 2.5 
K·min1 for PMEA10, 3.0 K·min1 for PTHFA11, 40 K·min1 for PMA38, and 10 K·min1 for PMMA37 into eq. 1, we have 
Δ𝑇g= 112 K for PMEA, 109 K for PTHFA, 80.8 K for PMA, and 94.6 K for PMMA. The corrected glass transition 
temperature in MD simulation, 𝑇g
MD = 𝑇g
MD∗ − Δ𝑇g, to compare with the experimental value are 225 K for PMEA, 261 K 
for PTHFA, 294 K for PMA, and 328 K for PMMA, which are in satisfactory agreement with the experimentally reported 
glass transition temperatures indicated above.   
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   3.2.2. Calculation of diffusion coefficient and 𝑻𝐃
𝐌𝐃  The diffusion coefficient, D, of the sorbed water was calculated 
from mean-squared displacement of molecule in each system according to the Einstein formula:46  
 
𝐷 = lim
𝑡→∞
1
6𝑡
⟨
1
𝑁
∑|𝒓𝑖(𝑡) − 𝒓𝑖(0)|
2
𝑁
𝑖
⟩ (2) 
where 𝑁 is the number of molecule in MD system, and 𝒓𝑖(𝑡) is the center-of-mass position of the ith molecule at time 𝑡. 
In Figure 6, the calculated diffusion coefficients of water in each polymer system are shown in an Arrhenius plot. The log 𝐷 
values decrease linearly against temperature and has a transition at a certain temperature, defined as 𝑇D
MD. In all cases, the 
𝐷 values below 𝑇D
MD have 10111012 m2·s1, which is much smaller than the values of pure liquid water, ~109 m2·s1. 
Thus the sorbed water molecules may tend to be fixed and thermally vibrate near the O atoms of the polymer in the lower 
temperature range. In the higher temperature range, on the other hand, the sorbed water molecules actually diffuse in the 
polymer matrix47. In this sense, 𝑇D
MDcan be considered to be the lower limit temperature of the diffusion for the sorbed 
water. The present result shows 𝑇D
MD has 203 K for PMEA, 231 K for PTHFA, 254 K for PMA, and 300 K for PMMA. 
Chen et al. also calculated diffusion coefficient of water in an amorphous polyacrylate latex film by MD simulation, and 
reported the similar temperature dependence of 𝐷 values48.    
  
   3.2.3. Correlation of 𝑻𝐃
𝐌𝐃 and 𝑻𝐠
𝐌𝐃  In Figure 7, 𝑇D
MD against 𝑇g
MD  obtained in the present MD simulation are 
shown for each polymer. Similar to the experimental result of 𝑇rc and 𝑇g
DSC, 𝑇D
MD and 𝑇g
MD have a positive correlation. 
This correlation suggests that the onset temperature of diffusion at low temperature is related to mobility of the polymers. 
Chen et al. discussed that the diffusion rate depends on the local chain mobility and the dissociation of water molecules 
from the polar groups of the polymers48. In particular, 𝑇g
MD >  𝑇D
MD holds, indicating that the lower limit temperature of 
water diffusion is a precursor of the local mobility of polymers. In the present systems, water molecule is much smaller (or 
shorter) than the side chain of polymer, and hence it can be expected that the transition of mobility of water, that is 𝑇D
MD, 
appears at the temperature lower than the glass transition temperature of each polymer. One can also speculate that polymers 
may make some spaces to enhance the water diffusion at a temperature slightly below the glass transition temperature. 
Further research may be needed to account for physical origin of the relation 𝑇g
MD >  𝑇D
MD. 
  Combining the correlation relation of 𝑇D
MD − 𝑇g
MD and that of 𝑇rc − 𝑇g
DSC discussed in Sec.3.1.3, we can conclude that 
the recrystallization temperature is strongly correlated with the water diffusion in the polymers, strongly supporting the 
recrystallization process is raised by the diffusion mechanism rather than the reorientation mechanism.  
 
   3.2.4. Hydrogen bonding states of water   Here we discuss H-bonding states of water molecules in the polymers as a 
function of temperature. The states considered here are illustrated in Figure 1, where solid and dotted lines show the 
covalent bond and H-bond, respectively. Arabic number (14) on OH bond indicates the category of OH group of water 
molecules: OH(1) represents the state bonding to oxygen atom of water (O), (2) to carbonyl O, and (3) to ether O’s of each 
polymers. Otherwise, a state is categorized in OH(4), not H-bonded to any O’s (free OH). If the distance between H atom 
of water molecule and O atom of each functional group is less than 2.5 Å49,50, the OH⋯O group is defined to be H-bonded.  
  Figure 8 shows ratio of the four H-bonding states as a function of temperature for each polymer system. In all of the 
systems, the free OH group (filled circle, OH(4)) is nearly zero at the lowest temperature, indicating that almost all the 
water molecules bonds to oxygen sites at the temperature. The ratio of OH(4) rapidly increases with increasing 
temperature over ~210 K in PMEA, ~220 K in PTHFA, ~230 K in PMA, and ~300 K in PMMA, which are very close to 
𝑇D
MD’s. On the other hand, the ratio of the OH group bonding to the carbonyl O atom (triangle, OH(2)) is 4065% at the 
lowest temperature and suddenly decreases at the temperature near 𝑇D
MD. The ratio of the OH group bonding to ether O 
atoms (open circle, OH(3)) is 23% in PMMA and PMA and 1015% in PMEA and PTHFA at the lowest temperature, and 
decreases near 𝑇D
MD especially for PMEA and PTHFA systems. The very small ratio of OH(3) group compared with that 
of OH(2) indicates that the sorbed water almost bonds to the carbonyl O atoms. The ratio of the OH group bonding to 
water O atom (cross, OH(1)) is 3050% and suddenly increases near 𝑇D
MD especially for PMEA and PTHFA systems. 
These results strongly support the recrystallization is driven by the diffusion-controlled process. Our MD simulation unveils 
the detailed picture of the diffusion-controlled process for recrystallization during rewarming: At the temperature lower than 
𝑇D
MD, major part of OH groups bonds with the carbonyl groups or water. In the case of PMEA and PTHFA systems, the 
OH’s bonded with the carbonyl groups start to be detached over 𝑇D
MD, and then they condense into a cluster after diffusing 
in the polymer matrix. The condensed water cluster crystallizes as long as the temperature is lower than the melting point of 
pure water, 𝑇m. In the case of PMMA, on the other hand, 𝑇D
MD is near or over 𝑇m, resulting in no observation of 
recrystallization.  
  The diffusion mechanism is also supported by the following MD simulation result: in Figure S3 and S4 of SI, one can see 
more than 90 % of water clusters formed in the PMEA polymer at 100 K consists of the number of water molecules less 
than 20. Pradzynski et al.51 reported that an appearance of the characteristic IR peak at ~3200 cm1 for ice Ih, which is 
observed in the present polymer systems, needed water cluster constituting at least ~475 water molecules. If the 
reorientation mechanism was valid, the present polymer systems could contain such large clusters. 
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4. Conclusion    
   Recrystallization behavior of water sorbed into the four poly(meth)acrylates is investigated by VT-MIR spectroscopy 
and MD simulation. VT-MIR spectra showed a positive correlation between 𝑇rc and 𝑇g
DSC for PMEA, PTHFA, and PMA 
systems, suggesting the recrystallization is related to a mobility of the polymers. MD simulation, on the other hand, showed 
a positive correlation between 𝑇D
MD  and 𝑇g
MD  for all the polymers treated here. These results demonstrate the 
recrystallization takes place by the diffusion mechanism rather than the reorientation mechanism. No observation of the 
recrystallization for PMMA system originates from the fact that 𝑇D
MD of it is near or over the melting point temperature of 
pure water. Not abrupt but gradual change of the ice peak as a function of temperature in the VT-MIR spectra also elucidates 
not only recrystallization but also crystallization is dominated by the diffusion-controlled process. The analysis of the 
H-bond states in the polymers by MD simulation illustrates the water molecules bonded with the carbonyl oxygens are 
detached over the recrystallization temperature, and the subsequent diffusion process enhances the formation of water 
cluster, resulting in the observation of recrystallization.  
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TOC graphic 
 
 
 
 
 
Figure 1. Chemical structures of the polymers and possible hydrogen bonding states between water molecule 
and polymers. Arabic number (14) on OH bond indicates the category of OH group of water based on 
hydrogen bonding state. OH(1) indicates the state bonding to water oxygen atom (O), (2) to carbonyl O, and (3) 
to ether O. OH(4) indicates the no bonding state (free OH).  
 
 
 
 
Figure 2. MIR spectra of water sorbed into PMEA with WC of 8.6 wt%, PTHFA with WC of 4.8 wt%, PMA with WC 
of 4.8 wt%, and PMMA with WC of 5.5 wt%, and pure water at 298 K.  
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Figure 3. Left: Temperature-dependence of MIR spectra of water sorbed into the four polymers and pure water in 
the temperature range of 298170 K. Dotted line in panels ac is the spectrum of ice at 170 K. Right: 
Temperature-dependences of A3250 and AHYD and that of A3250 for pure water. (A) PMEA, (B) PTHFA, (C) PMA, (D) 
PMMA, and (E) pure water.   
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Figure 4. Relationship between 𝑇g
DSC of the polymer and Trc of the sorbed water.  
○: recrystallization temperature, Trc. : ending temperature of crystallization (crystal growth).       
 
 
 
 
 
 
Figure 5. Temperature-dependence of specific volume (𝑉SP
MD) of the hydrated polymer. (A) PMEA, (B) PTHFA, (C) 
PMA, and (D) PMMA.    
 
 
 
 
 
Figure 6. Arrhenius plot of the diffusion coefficient of the sorbed water. (A) PMEA, (B) PTHFA, (C) PMA, and (D) 
PMMA.    
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Figure 7. Relationship between 𝑇g
MD of the hydrated polymer and 𝑇𝐷
𝑀𝐷 of the sorbed water.      
 
 
 
 
 
 
 
Figure 8. Temperature dependence of ratio of the hydrogen-bonding states (: OH(1) in Figure 1, : OH(2) in 
Figure 1, ○: OH(3) in Figure 1, ●: OH(4) in Figure 1) for the sorbed water. (A) PMEA, (B) PTHFA, (C) PMA, and 
(D) PMMA.     
 
 
 
 
